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SYNOPSIS
   One  of  the  biggest  attractions  of  the  tropics  is  its  stunning  diversity;;  the  origin  and  
determinants  of   this  diversity  are  amongst   the  most   important  questions   in  evolution  and  
biogeography.  There  are  two  ways  of  looking  at  diversity:  diversity  as  observed  in  clades  
on  the  tree  of  life  and  diversity  as  distributed  in  space.  Various  processes  drive  patterns  in  
clades   leading   to   a  gradient  of   evolutionary   radiations.  These   radiations   are   amongst   the  
major  contributors  to  Earth’s  biological  diversity  and  act  as  good  model  systems  to  test  the  
UHODWLYHVLJQL¿FDQFHRISURFHVVHVJRYHUQLQJPDFURHYROXWLRQDU\SDWWHUQVRIGLYHUVL¿FDWLRQ
My  research  presented  here  revolves  around  one  such  evolutionary  radiation  of  frogs  that  
ZHXQFRYHUHGIURPWKH:HVWHUQ*KDWVDWURSLFDOPRXQWDLQV\VWHPLQ3HQLQVXODU,QGLD7KH
EURDGDLPRIP\WKHVLVLVWRXQGHUVWDQGWKHFDXVHVDQGFRQVHTXHQFHVRIGLYHUVL¿FDWLRQWKH
primary  process  that  drives  evolutionary  radiations  and  diversity  differences  in  clades.  The  
XOWLPDWHJRDOLVWRXVHDPRGHOV\VWHPLQDUHJLRQDOVHWWLQJWRH[SORUHGLYHUVL¿FDWLRQSURFHVV-­
es  in  clades  against  the  backdrop  of  existing  theory  and  ultimately  paint  a  broader  picture  to  
further  our  understanding  of  diversity  patterns  in  space.  I  have  organized  this  thesis  into  six  
FKDSWHUV7KH¿UVWFKDSWHUVHUYHVDVDQLQWURGXFWLRQWRWKHFRQFHSWVPRGHOVDQGSUREOHPV
DGGUHVVHGZKLOHFKDSWHUVWZRWR¿YHIRUPWKHFUX[RIWKLVWKHVLVDQGWKH¿QDOFKDSWHUSUR-­
vides  a  synthesis  of  results  and  directions  to  carry  this  research  forward.  
 ,QWKH¿UVWFKDSWHU,KDYHSURYLGHGDFRQFHSWXDOOLQNEHWZHHQGLYHUVLW\LQFODGHV
HYROXWLRQDU\UDGLDWLRQVDQGGLYHUVL¿FDWLRQDQGLWVGULYHUVDOORIZKLFKIRUPWKHEDFNERQHIRU
the  following  chapters.  I  review  the  potential  historical  processes  that  acted  independently  or  
LQFRPELQDWLRQWRJLYHULVHWRRQHRIWKHJOREDOELRGLYHUVLW\KRWVSRWVWKH:HVWHUQ*KDWVRI
the  Indian  sub-­continent.  I  also  introduce  the  model  system,  bush  frogs,  and  provide  a  brief  
overview  of  their  current  taxonomic  and  systematic  status.  Finally,  I  have  described  the  goal  
and  questions  addressed  in  this  thesis.    
   In  chapter  2,   I   address   the  problem  of  delimiting   lineages  and  provide  a  base   for  
the   remaining  chapters  3,   4  &  5,  which   form   the   core  of   this   research.   In   this   chapter,   I  
DGGUHVVWZRPDMRULVVXHVLQELRJHRJUDSK\QDPHO\WKHµ/LQQHDQVKRUWIDOO¶WKHSUREOHPRI
XQGHVFULEHGOLQHDJHVDQGWKHµ:DOODFHDQVKRUWIDOO¶WKHODFNRIGLVWULEXWLRQGDWDDQGXVH
an  extensive  sampling  regime  and  a  phylogenetic  framework   to  delimit   lineages.  When  I  
EHJDQP\VDPSOLQJOLQHDJHVKDGEHHQGHVFULEHGIURPWKH:HVWHUQ*KDWV7KUHH\HDUVRI
sampling  across  13  major  massifs  has  led  to  an  increase  in  the  number  of  the  lineages  to  70.  
These  lineages  were  delimited  using  a  hierarchical  multi-­criteria  approach  using  a  haplotype  
phylogenetic  tree,  genetic  distance,  geography  and  morphology.  Lineages  recovered  in  this  
study  range  from  shallow  to  deep  divergences  and  are  spatially  distributed  from  lowlands  to  
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Massif  summits.  Further,  inclusion  of  geography  as  a  variable  in  the  hierarchical  approach  
LQFUHDVHGHI¿FDF\ LQGHOLPLWLQJ OLQHDJHV7KLV DSSURDFKZDVXVHG WRHVWDEOLVKDZRUNLQJ
hypothesis  of   lineages   for   later  chapters,  where   I  address  questions   related   to   the  drivers  
EHKLQGWKHGLYHUVL¿FDWLRQRIWKHVHOLQHDJHV
   The  goal  in  chapter  3  was  to  examine  the  evolutionary  and  biogeographic  processes  
XQGHUO\LQJLQVLWXFODGHGLYHUVL¿FDWLRQLQWKHEXVKIURJFODGHDWEURDGWHPSRUDODQGVSDWLDO
scales.  First,  I  examined  the  clade  for  characteristics  of  an  evolutionary  radiation.  One  of  the  
fundamental  challenges  in  characterizing  evolutionary  radiations  is  to  discern  independent  
FRORQL]DWLRQIURPLQVLWXGLYHUVL¿FDWLRQ3K\ORJHQHWLFUHFRQVWUXFWLRQVVKRZVWKDWEXVKIURJ
OLQHDJHVLQWKH:HVWHUQ*KDWVEHORQJWRWZRFODGHVDODUJHUFODGHFRPSRVHGRIOLQHDJHV
ZLWK WKHLU DQFHVWUDO RULJLQ FHQWHUHG LQ WKH:HVWHUQ*KDWV(VFDUSPHQW DQG D VHW RI WKUHH
OLQHDJHVZLWKWKHLUGLVWULEXWLRQLQ:HVWHUQ*KDWVEXWSK\ORJHQHWLFDOO\QHVWHGZLWKLQWKH6UL
/DQNDQEXVKIURJFODGH7KHODUJHU:HVWHUQ*KDWVFODGHUHFRYHUHGKHUHOHQGVVWURQJVXSSRUW
for  in-­situ  radiation  of  bush  frogs,  the  origin  of  which  can  be  dated  to  Eocene  -­  Oligocene  
boundary.  The  bush   frogs   are   a   relatively   young   radiation   compared   to   recent   reports   of  
ancient  lineages  and  potential  radiations  whose  origins  date  to  the  Cretaceous.  Within  the  
:HVWHUQ*KDWVEXVKIURJVPDNHXSWKHODUJHVWYHUWHEUDWHUDGLDWLRQDQGZKHQFRQVLGHUHG
with  the  sister  clade  in  Sri  Lanka,  constitute  the  largest  vertebrate  radiation  in  South  Asia.  
  
 7KHVHFODGHVDWWDLQJUHDWHUVLJQL¿FDQFHEHFDXVHRIWKHOLPLWHGJHRJUDSKLFDOVSDFHLQ
ZKLFKWKHZKROHUDGLDWLRQKDVRFFXUUHG7HPSRUDOSDWWHUQVRIOLQHDJHGLYHUVL¿FDWLRQLQWKH
:HVWHUQ*KDWVEXVKIURJFODGHVKRZVWURQJVLJQDWXUHVRIDQHDUO\EXUVWFRQVLGHUHGDVRQHRIWKH
characteristic  features  of  evolutionary  radiations,  especially  adaptive  radiations.  Considering  
that  a  similar  pattern  could  arise  from  the  initial  formation  of  geographical  isolates,  I  tested  
WKHFODGHIRUWKHUROHRIUHJLRQDOELRJHRJUDSKLFEDUULHUVLQWKHLQLWLDOGLYHUVL¿FDWLRQRIWKH
FODGH$QFHVWUDOUDQJHUHFRQVWUXFWLRQVKRZHGWKDWWKHLQLWLDOGLYHUVL¿FDWLRQRIWKHEXVKIURJ
FODGHLVFRLQFLGHQWZLWKWKH3DOJKDW*DSDSURPLQHQWJHRJUDSKLFDOEUHDNLQWKH(VFDUSPHQW
Two  sister  clades,  North  and  South,  could  be  discerned,  with  their  respective  centres  of  origin  
QRUWKDQGVRXWKRIWKH3DOJKDW*DS7KHUHZDVOLPLWHGGLVSHUVDODFURVVWKHJDSDQGDQXPEHU
RIWKHVHGLVSHUVDOHYHQWVUHVXOWHGLQGLYHUVL¿FDWLRQLQWKHDGMRLQLQJUHJLRQV7KHVHUHVXOWV
IRUWKH¿UVWWLPHOHQGVWURQJHYLGHQFHIRUWKHELRJHRJUDSKLFVLJQL¿FDQFHRIWKH3DOJKDWJDS
IRUDPSKLELDQGLYHUVL¿FDWLRQ7KHGLVFRYHU\RIWKH1RUWKDQG6RXWKVLVWHUFODGHVDSDUWIURP
HOXFLGDWLQJ WKHVLJQL¿FDQFHRI3DOJKDWJDSDVDEDUULHU LQ WKH LQLWLDOGLYHUVL¿FDWLRQRI WKH
FODGHSURYLGHGDXQLTXHVHWWLQJWRJDLQIXUWKHULQVLJKWVLQWRGLYHUVL¿FDWLRQSURFHVVHV
  
Lineages  exposed  to  ecological  opportunity  show  an  early  burst  in  lineage  splitting  
FRQFRPLWDQWZLWK HFRORJLFDO DQGPRUSKRORJLFDO GLYHUVL¿FDWLRQ , WHVWHG WKHVHSUHGLFWLRQV
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using   the  sister  clades.  The  South  clade  shows  support   for   the  models  of  early  burst  and  
subsequent  diversity-­dependent  decline,  while  the  North  clade  did  not  differ  from  a  constant  
SXUHELUWK PRGHO RI GLYHUVL¿FDWLRQ 7KH VLVWHU FODGHV DOVR VKRZHG VWURQJ GLIIHUHQFHV LQ
the   number   of   lineages   and   in   the   ecological   and  morphological   diversity   of   component  
lineages.  In  terms  of  the  ecological  diversity  of  the  clades,  the  lineages  in  the  South  clade  are  
predominantly  closed  canopy  dwellers  and  occupy  all  the  vertical  strata  of  the  forest  from  
understorey  to  canopy.  In  contrast,  the  North  clade  is  characterized  by  the  absence  of  canopy  
lineages  and  also  in  the  relative  increase  in  the  number  of  open  canopy  lineages.  I  excluded  
area  as  a  causal   factor,  considering   the   relatively  smaller  area  of   the   region  of   the  South  
FODGHVRXWKRI3DOJKDW*DSFRPSDUHGWRWKH1RUWKFODGH7DNHQWRJHWKHUDQHDUO\EXUVWLQ
OLQHDJHGLYHUVL¿FDWLRQKLJKVSHFLHVULFKQHVVDQGFODGHOHYHOHQGHPLVPQDUURZJHRJUDSKLFDO
range  of  the  clade,  restriction  of  canopy  lineages  to  this  clade  and  persistence  of  a  historical  
rainforest  refugium  in  this  area  suggested  a  potential  role  for  ecological  opportunity  in  the  
adaptive  radiation  of  the  South  clade.  
   The  results  from  Chapter  3  brought  out  the  strong  contrast  in  the  ecological  diversity  
of   extant   lineages  among   the  bush   frog   sister   clades  occurring   in   this   region.  One  major  
ecological  pattern  is  the  predominance  of  closed  canopy  lineages  in  the  South  clade,  while  
the  North  clade  was  characterized  by  relatively  more  open  canopy  lineages.  However,  what  
caused   the  origin  of  open  canopy   lineages  and   the  predominance  of   such   lineages   in   the  
North  clade  was  not  known.  In  chapter  4,  I  explore  whether  signatures  of  the  global  climate  
mediated  emergence  of  open  canopy  biomes  can  be  discerned  in  the  habitat  shift  and  in  the  
observed  contrast  in  ecological  disparity  between  the  sister  clades.  The  results  show  multiple  
KDELWDWVKLIWVDPRQJEXVKIURJOLQHDJHVLQWKH:HVWHUQ*KDWVZLWKDVWURQJFRQWUDVWEHWZHHQ
the  sister  clades;;  the  North  clade  exhibited  a  greater  number  of  habitat  shifts  compared  to  
the  South  clade.  A  unique  shift   to   the  bamboo  reed  Ochlandra  could  be  discerned   in   the  
6RXWKFODGH7KHVWXG\SURYLGHGWKH¿UVWHYLGHQFHIRULQGHSHQGHQWVKLIWVWRJUDVVDVVRFLDWHG
habitats  among  bush  frogs  and  frogs  in  general.  Examination  of  ecomorphology  brought  out  
further  interesting  insights.  For  the  same  body  size,  lineages  occurring  in  grass-­associated  
habitats,  Ochlandra   reeds  and  grasslands  have   independently  evolved  smaller  hind   limbs  
compared  to  lineages  that  occur  in  the  forest  and  shrub-­land  habitats.  This  convergence  in  
limb-­size  and  a  pattern  of  reduced  limb-­size  provides  support  for  the  adaptive  nature  of  this  
trait  in  relation  to  grass  associated  habitat  shifts  among  bush  frog  lineages.  Examination  of  
this  morphological  trait  in  time,  using  disparity  through  time  plots,  showed  high  disparity  
within  the  North  clade  as  expected  from  the  patterns  of  greater  habitat  shift.  These  results  
lend  support  for  orbitally  forced  habitat  dynamics  as  a  driver  for  the  intra-­cladal  patterns  of  
ecological  disparity  in  bush  frog  sister  clades.  
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   Researchers   in   the   past   have   largely   tested   evolutionary   radiations   for   adaptive  
signatures   under   the   assumption   of   ecological   opportunity.  One   of   the   drawbacks   of   the  
WHPSRUDOPRGHOVRIGLYHUVL¿FDWLRQLVWKHH[FOXVLRQRIJHRJUDSK\0RXQWDLQV\VWHPVVXFKDV
WKH:HVWHUQ*KDWVSURYLGHDQLGHDOVHWWLQJWRH[SORUHGLYHUVL¿FDWLRQLQVSDFH,QFKDSWHU,
took  a  biogeographic  approach  and  tested  the  relative  importance  of  Quaternary  glaciations,  
ecological  gradients  and  Earth  related  processes  on  the  spatial  patterns  of  lineage  and  sub-­
FODGDOGLYHUVL¿FDWLRQLQDPRXQWDLQVHWWLQJ7KLVZDVGRQHXVLQJDVHWRIDSULRULSUHGLFWLRQV
RQ WKHSK\ORJHQHWLF VSDWLDODQG WHPSRUDOSDWWHUQVRI OLQHDJHGLYHUVL¿FDWLRQEDVHGRQ WKH
JHRORJLFDODQGFOLPDWLFKLVWRU\RIWKH:HVWHUQ*KDWV7KHVHZHUHWHVWHGXVLQJVLVWHUOLQHDJHV
DQGODWLWXGLQDODQGHOHYDWLRQDOUDQJHGDWDREWDLQHGIURP¿HOGVDPSOLQJDFURVVPDVVLIV
Independent  methods  were  used  to  test  for  the  alternative  processes.  A  majority  of  recently  
diverged   bush   frog   sister   -­   lineages  were   characterized   by   non-­overlapping   geographical  
ranges,   and   were   isolated   on   adjacent   massifs,   indicating   allopatric   speciation   events.  
Independent  transitions  along  elevational  gradients  among  sub-­clades  during  the  Miocene  
OHQGVXSSRUWIRUGLYHUVL¿FDWLRQPHGLDWHGE\WKHXSOLIWRIWKHHVFDUSPHQW,QVLWXGLYHUVL¿FDWLRQ
in  the  montane  zone  of  the  two  highest  massifs  shows  the  effect  of  past  -­  climate  mediated  
forest-­grassland  dynamics,  but  divergence  times  lend  less  support  for  the  role  of  Quaternary  
glaciations.    These  results  highlight  the  important  role  of  geological  processes  in  the  lineage  
GLYHUVL¿FDWLRQRIEXVKIURJV%\H[DPLQLQJSDWWHUQVLQDODUJHUDGLDWLRQ,ZDVDOVRDEOHWR
EULQJRXWWKHWHPSRUDODQGVSDWLDOVLJQL¿FDQFHRIGLIIHUHQWSURFHVVHV'LYHUVL¿FDWLRQLQVXE
clades  shows  that  recent  non-­adaptive  processes  have  masked  the  effect  of  initial  adaptive  
UDGLDWLRQ%DVHGRQWKHVH¿QGLQJVZHUHFRJQL]HWKHPDVVLIVLQWKLV(VFDUSPHQWDVFHQWUHV
RIOLQHDJHGLYHUVL¿FDWLRQDQGJHQHUDWRUVRIGLYHUVLW\DQGWKHORZODQGDQGPHGLXPHOHYDWLRQ
KDELWDWVLQWKHVRXWKHUQ:HVWHUQ*KDWVZLWKGHHSO\GLYHUJHQWOLQHDJHVDVPXVHXPV
 7KURXJKWKLVUHVHDUFK,KDYHSURYLGHGDQXPEHURILQVLJKWV±PDQ\IRUWKH¿UVW
time  –  into  the  macroevolutionary  patterns  and  historical  processes  behind  this  large  
vertebrate  radiation  in  a  global  biodiversity  hotspot.  The  thesis  also  sets  a  foundation  to  
explore  the  processes  driving  ecological  and  biogeographic  patterns  –  species  richness,  
endemism  and  community  assembly  –  in  space.
